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Introduction
Cardiopulmonary exercise testing (CPET) is an important diagnostic tool for assessing aerobic fitness of individuals [1] . Although many different exercise testing protocols are employed to estimate aerobic fitness [2] , the gold standard for objectively assessing aerobic fitness remains cardiopulmonary exercise testing (CPET) during which respiratory gas exchange, ventilatory, and heart rhythm measurements are continuously performed throughout an incremental exercise intensity until voluntary exhaustion [3] . As such, CPET provides an evaluation of the integrative exercise response of the cardiovascular, respiratory, and metabolic systems to an incremental work rate [4] . This relatively non-invasive, dynamic physiologic test permits the evaluation of resting, submaximal, and peak exercise responses, as well as recovery responses, providing the clinician relevant information for clinical decision-making [4] . Examples concerning the usefulness of CPET for clinical decisions are the evaluation of exercise intolerance [4] , eligibility for organ transplantation, and preoperative risk stratification [5] .
Adequate reference values provide the comparative basis for answering important questions concerning the normality of exercise responses, and can significantly impact the clinical decisionmaking process [6, 7] . As recommended by the American Thoracic Society/American College of Chest Physicians (ATS/ACCP) guideline, each exercise laboratory must select an appropriate set of reference values that best reflects the characteristics of the population tested, and the equipment, protocol, and methodology utilized to collect the reference values [4] . Many reference values for different CPET parameters obtained in different populations are available in the literature. We have previously published a systematic review of reference values for CPET parameters published up to 2014 [8] . The current article is an update of our previous publication, including recent papers, as well as an extension towards the pediatric population. Reference values for pediatric CPET published up to 2014 were previously reviewed by Blais et al. [9] . The aim of this study was to provide an updated systematic review of the literature on reference values for CPET parameters in healthy subjects across the life span.
Data sources and search strategy
A search strategy was created and critically reviewed and approved by experienced exercise physiologists with the support of a medical librarian. After approval, published articles in the electronic databases MEDLINE, Embase, and PEDro were searched up to February 2019 (articles published from March 2014). We used the systematic search strategy as described in Appendix A. The search strategy did not have any limitations on ethnicity and language. Relevant reference lists were hand-searched as a method to supplement electronic searching.
Selection of studies
Results of the searches in different electronic databases were combined, where after duplicates were removed by two reviewers (CM and DP). The same two reviewers screened all unique records for potential relevance using the title, abstract or descriptors, or both. Hereafter, remaining articles were screened by the two reviewers on compliance with the eligibility criteria based on the full-text of the articles. Reasons for possible article exclusion based on its full-text were recorded.
Eligibility criteria
Studies with the objective to evaluate reference values for maximal CPET were included. Furthermore, inclusion criteria were: studies that included healthy subjects (no age restriction), studies using cycle or treadmill ergometry for CPET, cross-sectional studies or cohort studies, and studies that reported CPET parameters. Exclusion criteria were: studies published before March 2014, studies of which the full-text was not available, intervention studies, studies in which no maximal exercise protocol was used, and studies that exclusively included elite athletes.
Data extraction
All authors extracted data using a standard data extraction form. Data extraction was performed in pairs of reviewers (TT and MB, CM and DP, EH and WB), and discrepancies in extracted data were discussed with an independent reviewer (BB) till consensus was reached. If data were missing or further information was required, serious attempts were made to contact the corresponding authors to request for further information.
Methodological quality
Methodological quality of the selected studies was assessed using a quality list as provided in the ATS/ACCP guideline (see Appendix B) [4] . This list is a combination of study requirements to obtain an optimal set of reference values as described in the ATS/ACCP guideline and the code number scheme of shortcomings and limitations. Each criterion was scored as 'yes', 'no', or 'don't know', with one point for each 'yes'. A study was considered to be of high quality when it scored ≥10 points (≥75% of the maximum score of 14) , of moderate quality when it scored 7 to 9 points, and of low quality when it scored ≤6 points. Quality assessment of all studies was performed in pairs of reviewers as well, and discrepancies in the scoring of criterions were discussed till consensus was reached. There was no blinding on authors or journal.
Results

Selected studies
We identified 578 potential studies published between March 2014 and February 2019. After initial screening, 125 studies were regarded potentially eligible. After reading the full-text, 29 studies were considered eligible for inclusion. A flowchart displaying exact details of the selection process, including the reasons for exclusion, is presented in Figure 1 . Table 1 depicts the overall study characteristics. The 29 included studies assessed 87.256 subjects in total, of which were 54.214 males and 33.042 females. Age of included subjects ranged between 6 and 90 years. CPET was performed using a cycle ergometer in 14 studies (48.3%) and using a treadmill in 14 studies (48.3%), whereas one study (3.4%) used both modalities. There was a wide variety in the used CPET protocols, in which all studies used a continuous stepwise or ramp incremental protocol. Included studies included data from three different continents, of which most represented countries were European (n = 16), North-American (n = 9), and South-American (n = 5). Sample size ranged from 38 to 18.189 subjects. Sixteen studies (55.2%) were performed in adults, eight studies (27.6%) in children, and five studies (17.2%) in a combined sample. Some of the publications included CPET data from the same core database (e.g. FRIEND database, LowLands Fitness Registry).
Study characteristics
Methodological quality assessment
Quality of the included studies varied, and none of the studies fulfilled all 14 quality criteria. A 'quality score' ≥10 was seen in 4 studies, 15 studies received a score of 7 to 9, and 11 studies received a score of ≤6. Frequently observed weaknesses were a lack of power analysis, quality assurance of equipment and methodologies, and reference equation validation. Table 2 provides a detailed overview of the methodological score of the included studies on the ATS/ACCP quality list [4] .
Meta-analysis
Each of the included studies has various numbers of shortcomings and limitations, which are noted in Table 2 . Metaanalysis of the data was not meaningful, as a large heterogeneity of methods and subjects (including sampling bias, uneven quality of primary data, and inadequate statistical treatment of the data) was observed. Table 3 shows reference values for cardiovascular, ventilatory, and ventilatory efficiency parameters. Studies differed in the way of reporting reference values. Studies that did report reference values using regression equations are included in Table 3 . Several studies reported their reference values in tables. We refer to these specific tables of the respective study for further details.
Results of individual studies
3.6. Cardiovascular parameters 3.6.1. Oxygen uptake at peak exercise
Twenty-six studies reported oxygen uptake at peak exercise (VO 2peak ) in L/min, mL/min, or in mL/kg/min [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] , but not all studies provided reference values. Several different parameters were used to predict VO 2peak . Body height, body mass, age, and sex were often included in prediction equations. VO 2peak (absolute values) increased with body height and body mass, was lower in females, decreased with age during adulthood, but increased with age during childhood.
Ventilatory anaerobic threshold
Only one study in children reported ventilatory anaerobic threshold (VAT) values [29] , no study reported VAT values in If not explicitly stated, a variable was obtained at peak exercise. B × B = breath-by-breath; BF = breathing frequency; BR = breathing reserve; CI = cardiac index; CO = cardiac output; CY = cycle ergometry; DBP = diastolic blood pressure; HR = heart rate; HRR = heart rate reserve; NA = not applicable; O 2 -pulse = oxygen-pulse; O 2 -pulse/WR-slope = relation between oxygen-pulse and work rate; OUE = oxygen uptake efficiency; OUEP = oxygen uptake efficiency plateau; OUES = oxygen uptake efficiency slope; PETCO 2 = end tidal carbon dioxide pressure; RER = respiratory exchange ratio; s = seconds; SBP = systolic blood pressure; SpO 2 = peripherally measured oxygen saturation; SV = stroke volume; TM = treadmill ergometry; VAT = oxygen uptake at the ventilatory anaerobic threshold; VCO 2 = carbon-dioxide production; VD/VT = physiologic dead space to tidal volume ratio; VE = minute ventilation; VE/VCO 2 = minute ventilation to carbon dioxide production ratio; VE/VCO 2 -slope = relationship between minute ventilation to carbon dioxide production; VE/VO 2 = minute ventilation to oxygen uptake ratio; VO 2 = oxygen uptake; VO 2 /WR-slope = relation between oxygen uptake and work rate; adult subjects. Reference values for VAT (mL/min) increased with body height and body mass in children and were provided for male and female subjects separately.
Heart rate at peak exercise
One study in children [29] and one study performed in adults [30] provided prediction equations for heart rate at peak exercise (HR peak ). The pediatric study reported four different equations, two for males, and two for females. Body height, body mass, and age were predictors of HR peak [29] . Six prediction equations for HR peak in adults were reported using both cross-sectional and longitudinal data. Males had a higher HR peak during young adulthood compared to females; however, males showed a somewhat faster decline in HR peak values with age compared to females [30] .
Oxygen pulse
One study [29] performed in children provided four different equations for peak oxygen pulse (O 2 -pulse), two for males, and two for females. No study reported O 2 -pulse reference values in adults.
Blood pressure
One study [31] performed in children provided two prediction equations for systolic blood pressure at peak exercise. Systolic blood pressure increased with attained work rate at peak exercise (WR peak ), and the increment in systolic blood pressure was independent of age and sex. There was no study that provided reference values in adults for systolic blood pressure at peak exercise.
Work rate at peak exercise
Two studies [29, 32] reported equations for the attained WR peak during CPET. These studies reported 18 different equations for the prediction of WR peak . In adults, WR peak increased with body height, body mass, and was significantly higher in male subjects. In children, WR peak increased with the development of body height and body mass (Table 3) .
Ventilatory parameters
Minute ventilation at peak exercise
Ten studies [29, [33] [34] [35] [36] [37] [38] [39] [40] [41] reported data for minute ventilation at peak exercise (VE peak ). Almost all studies reported VE peak data using tabulated data. Two sex-specific prediction equations were provided for children [29] . One prediction equation was provided for adults [37] , in which VE peak values were lower in females and declined with age throughout adulthood.
Tidal volume at peak exercise
Four studies [29, 35, 39, 41] reported reference values for tidal volume at peak exercise (TV peak ). Two studies were performed in children [29, 35] and two in adults [39, 41] . One study [29] , performed in children, provided a prediction equation for TV, the other studies provided tabulated data.
Breathing frequency at peak exercise
Two studies [35, 41] reported breathing frequency at peak exercise (BF peak ). One study [35] was performed in children and one in older adults (70-77 years of age) [35] . Results were only provided in tabulated data. 
See appendix B for the methodological quality list based on the ATS/ACCP guideline. A=adult subjects; P=pediatric subjects, 0= criterion is not met, 1= criterion is not met. BF peak = breathing frequency at peak exercise; BMI-body mass index; BSA = body surface area; F = women; HR peak = heart rate at peak exercise; IQR = interquartile range; LLN = lower limit of normal; M = men; O 2 -pulse peak = oxygen-pulse at peak exercise; OUEP = oxygen uptake efficiency plateau; OUES = oxygen uptake efficiency slope; SBP = systolic blood pressure; SD = standard deviation; SEE = standard error of the estimate; ULN = upper limit of normal; VAT = oxygen uptake at the ventilatory anaerobic threshold; VE peak = minute ventilation at peak exercise; VE/VCO 2 = minute ventilation to carbon dioxide production ratio; VE/VCO 2 -slope = relation between minute ventilation and carbon dioxide production; VO 2max = maximal oxygen uptake; VO 2peak = oxygen uptake at peak exercise; VT peak = tidal volume at peak exercise; WR peak = work rate at peak exercise.
3.7.4. Ventilatory efficiency parameters 3.7.4.1. Oxygen uptake efficiency plateau and oxygen uptake efficiency slope. One study [34] in children reported a reference equation for oxygen uptake efficiency plateau (OUEP). No results in adults were found. Five studies reported oxygen uptake efficiency slope (OUES) values, two in adults [42, 43] , two in a pediatric population [29, 34] , and one study reporting up to young adulthood (21 years of age) [44] . Results were reported for males and females separately. Other commonly used predictors were age, body height, body mass, or body surface area. OUES values were determined using data from 10% to 100% of the exercise test and normalized for body surface area or body mass.
Minute ventilation to carbon dioxide production
Minute ventilation (VE) to carbon dioxide production (VCO 2 ) coupling was reported in eight studies, of which four studies were performed in children [29, 35, 38, 45] and four studies in adults [39] [40] [41] 46] . VE to VCO 2 coupling was expressed in many different ways: VE/VCO 2 -slope, VE/VCO 2 ratio at the VAT, the lowest VE/VCO 2 ratio during the test, or VE/VCO 2 ratio at peak exercise (see Table 3 ).
Discussion
The aim of our study was to review recently published studies in the last five years on reference values for CPET parameters in healthy children and adults. In this update of the literature, 29 studies with reference values for CPET parameters were included, in which data of 87.256 subjects (54.214 males and 33.042 females) were reported. This number is more than three times the number of subjects included in our original systematic review of the literature (25.826 subjects) [8] . This increase in number shows that the sample size of the studies is increasing over time. For an adequate interpretation of CPET, the normal range of a variety of CPET parameters (e.g. VO 2peak , VAT, HR peak , VE/VCO 2 -slope) is essential. In many studies, however, only the mean or median value for the population is provided. We recommend that studies should also report the lower and upper limit of normal. As shown in the study of Blanchard et al. [29] , the use of the 80% of predicted as lower limit of normal should be abandoned. Instead, a Z-score should be used with a lower and upper limit of normal of −1.96 SD and +1.96 SD, respectively. Moreover, authors should try to statistically model their data instead of merely providing tabulated data. In addition, authors are encouraged to publish multiple different CPET parameters in one publication, such as, for example, in Bongers et al. [47] . This will help clinicians to select the optimal set of reference values for their tests. The use of reference values from different sources to interpretation one CPET will provide additional noise in its interpretation.
Comparison with previous review
Compared to our original review, more data from South America are available. In the original protocol, one study in 120 adult subjects from Brazil was available. In the last five years, four new studies from Brazil and one from Argentina were added to the literature, including the study by Neto et al. [48] among 18.189 healthy subjects between 13 and 69 years of age. These studies significantly added to the available reference values for CPET in this geographic region. Cycle ergometry was still more commonly employed as CPET method compared to treadmill ergometry. The large variety in CPET protocols, equipment, study methodology, and parameters reported indicates the need for standardization of CPET as a clinical outcome tool. Without a robust standardization of the CPET methodology, data pooling and multi-center studies are very hard to perform.
Conclusion
In the last five years, 29 studies with CPET reference values of 87.256 subjects were published. We found no single set of ideal reference values, as characteristics of each population are too diverse to pool data in a single equation for each CPET parameter. Harmonization of CPET data is still urgently needed to facilitate pooling of data from different sources.
Expert opinion
Strength of this updated review is the inclusion of many studies from around the world with large databases. However, harmonization for CPET data is still urgently needed. Without harmonization, pooling of CPET data from different sources is hardly possible. This is well illustrated by the various parameters used for the coupling of VE and VCO 2 . Many different metrics such as the ratio of the two at the VAT, at peak, or the slope are used to describe this relationship. These different metrics give all different values and thus cannot be used interchangeably.
Another limitation identified in the current review is that only a limited amount of CPET parameters are reported in the literature. An international database like the FRIEND database [49] with raw breath-by-breath data will help to report reference values for a large number of CPET parameters in a standardized manner. Using novel big data analytic methods, this database enables the continuous generation of up-to -date reference values.
The reporting of CPET reference values is still in its infancy. For instance, we recommend that in the future researchers are not only reporting the mean or median value of a population or tabulated data but obtained data should be modeled and reference ranges including upper and lower limits of normal should be provided.
Compared to the review published in 2014, more data have been published in the last five years compared to the 35 years before. However, there is still a lot of progress to be made. Quality can be further improved by performing a power analysis, a good quality assurance of equipment and methodologies, and by validating the developed reference equation in an independent (sub)sample. Methodological quality of future studies can be further improved by measuring and reporting the level of physical activity, by reporting values for different racial groups within a cohort as well as by the exclusion of smokers in the sample studied. Normal reference ranges should be well defined in consensus statements. For example, should we use the 5 th to 95 th percentile or the 2.5 th to 97.5 th percentile as normative range? Moreover, advanced data modeling techniques should be used. Tabulated data and simple linear regression techniques should be abandoned, since they have quite large prediction errors. For example, Z-scores will provide a more qualitative analysis of the performance of a CPET parameter instead of a binary normal/abnormal. We expect that in the near future more CPET data harmonization initiatives are undertaken to establish robust reference values for CPET. Researchers, end-users, and industry should collaborate to establish a continuous development and update of adequate reference values using an open source database technology. This database should also include longitudinal data. Using big data techniques such as curve matching, a prediction for the future development of CPET outcomes in a subject can be made. Furthermore, we expect that open source platforms for the interpretation and reporting of CPET data are developed for the harmonization of interpretation and reporting of CPET results.
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